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Many seeds and spores require a long time for germination. 
The term "after-ripening" has come into rather general use to 
designate the changes in the seed during this period. It is often 
loosely used to include disintegration of the seed coats as well as 
protoplasmic or metabolic changes in the embryo. It seems better 
to Umit its use, as has been done in this laboratory, to those cases 
where the delay is due to characters of the embryo. In the majority 
of seeds thus far investigated, the delayed germination is due to the 
exclusion of water or of oxygen by the seed coats. A few seeds have 
been studied, however, which do not grow when all coats have been 
removed and the embryo put in good germinating conditions. 
Some change withm the embryo is necessary before germination, 
that is, lengthening of the hypocotyl, can take place. This process 
is what we mean by "after-ripening." 

NoBBE and Hanlein (45), Wiesner (52), Josx (29), and others 
assume, in cases where water enters the seed coat, that growth after 
a long period is due to some change going on withm the embryo 
during the seemingly dormant period. This has been determined 
definitely for only three or four species. 

Lakon (35) finds that the delayed (1-2 years) germination of 
Pinus silvestriSj P. Strobus, and P. Cembra is not due to coat char- 
acters. With the coats broken or removed, the time required for 
germination was not shortened. Seeds of Fraxinus excelsior (36) 
sown in the spring do not germmate until the following spring. In 
the mature seed the embryo occupies about half the space withia 
the endosperm; the rest is occupied by a mucilaginous substance. 
During the year that the seed lies in the groimd, the embryo grows 
in length and fills the seed coat. SiQce the embryo is fully 
mature at maturity of the seed, but a period of growth is 
Botanical Gazette, voL 55] [286 
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necessary before germination, Lakon calls this "Vorkeimimg" 
instead of "Nachreife." 

Many methods have been used by different workers in the 
attempt to shorten the resting period of buds and bulbs. The 
first of these is Johannsen's (30) treatment with ether. He found 
that growth could be hastened at the beginning of and near the- end 
of the resting period, but not in the middle period. Molisch (40) 
immersed shoots in water at 35° C, and the buds opened earlier than 
those on imtreated shoots. Iraklionow (23) finds that the warm 
bath increases respiration only in the first days, then the respi- 
ration curve falls to its original height. Muxler-Thurgau and 
Schneider-Orelli (42, 43) used the warm bath method to hasten 
the germination of potato tubers, and lily of the valley bulbs. 
They find the sugar content increased by the warm bath, but this 
is inmiediately used by the increased respiration. Unless the 
bulbs are kept at a high temperature, there is no lasting effect. 
Zero temperature increases the sugar content and the respiration; 
injury produces a slight mcrease in sugar content. They do not 
believe that hastened growth in these cases is due to increased 
sugar content, but rather that the high temperature has some effect 
on the protoplasm. Christensen (3) made chemical analyses of 
resting and growing bulbs, but found no appreciable differences. 
He concluded that the slow growth of resting bulbs was not due 
to lack of soluble food materials. 

/ Weber (53) and Jesenko (27) found that injury to the buds 
hastens their development. Later, Jesenko (28) found that 
the shoots from these buds were abnormal. Shoots inmiersed in 
dilute solutions of alcohol, H2SO4, and other substances, develop 
normally and more rapidly than imtreated shoots. Lakon (37) 
forced the development of winter buds by standing the cut ends 
of shoots in Knop's solution. Molisch (41) has recently found 
radium emanations effective. 

All these various methods shorten somewhat the rest period of 
bulbs and winter buds. Little has been done to determine what 
is the limiting factor to growth in these cases and what internal 
change is produced by the external application. 

Crocker (4, 5) found that the long period required for germina- 
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tion of seeds of hawthorn is due in part to seed coat characters and 
in part to characters of the embryo. With testas removed, in light 
at room temperature, the cotyledons increase greatly in size and 
turn green, but only a small percentage (2-5 per cent) of the 
hypocotyls grow. 

Davis and Rose (6), working in this laboratory, studied further 
the germination of seeds of Crataegus mollis. They find that under 
ordinary conditions seeds with carpels intact require one year or 
more for germmation. Embryos with carpels removed, but with 
testas intact, germinated after 90-96 days at 5-6° C; 74 per cent 
germinated after 75 days in the cold when removed to the warm 
greenhouse. With both carpels and testas removed, after 28 days 
at 6° C. 78 per cent germinated in 5 days in the greenhouse. Thus 
with all coats removed there is still a delayed germination due to 
characters of the embryo itself, a period of "after-ripening" 
necessary before elongation of the hypocotyl can take place. It 
has been my purpose to study the changes within the embryo during 
this period. 

Investigation 

I have made a preliminary microchemical study of the chemical 
changes during after-ripening. These results form the basis for a 
quantitative study. This paper gives the results of the micro- 
chemical study, together with quantitative determinations of the 
substances in the embryo at different periods during after-ripening. 

Davis and Rose (6) foimd the best conditions for after-ripening 
to be a temperature of 5-6° C. This inhibits growth of the 
cotyledons and is favorable for the metabolic changes within 
the hypocotyl. I studied the after-ripening of several species 
of Crataegus. 

Seeds with testas intact were soaked 16 hours at 5° C, were 
washed thoroughly by shaking in a bottle of distilled water (to 
prevent mold), and put in dishes on moist cotton in the ice chest at 
5-6° C. Microchemical tests were made once a week during the 
after-ripening period. Sections were preserved in glycerin for 
comparison. 
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MICROCHEMICAL METHOD 

In order to detect the metabolic substances of the cell as nearly 
unchanged as possible, observations must be made on the living 
tissue. Sections were made on a freezing microtome or free- 
hand, and intra-mtam stains (8) were used. Of the different 
methods and stains used, the following were found to be the most 
valuable. 

Fats. — Soudan III or Scharlach R, dissolved in 50 per cent 
alcohol. All fats are soluble in these stains. 

Lecithin, — ^The fats were first dissolved out with acetone, in 
which lecithin is not soluble. It was then stained with Soudan 
III,, or blackened with fumes of osmic acid. 

Starch. — ^The sections were first heated in water on the slide, 
and then a drop of iodine solution added. 

Sugar. — For the reducing sugars Fehling's solution was used as 
follows. The sections were heated in the copper sulphate solution, 
on the slide. The other part of Fehling's solution, Rochelle salt 
and sodium hydroxide, was then added. Copper oxide is deposited 
in the cells containing sugar. Still better is the osazone test as 
modified by Mangham (38) . Dissolve phenylhydrazine hydrochlo- 
ride and sodium acetate in 10 times their weight of glycerin; warm 
to dissolve; filter once or twice. To use, put a drop of each on the 
slide, mix, put section of tissue in same. Place slide in warm oven 
5-30 minutes, and then cool. Osazone crystals will be formed in the 
cells which contained sugar. 

Acidity or alkalinity. — Neutral red, sulphate of Nile blue, 
Dahlia violet, and methyl orange. A 1/5000 solution of neutral 
red is sensitive to N/i 1,000 NaOH; a 1/5000 solution of sulphate 
of Nile blue is sensitive to N/5 100 NaOH; the others are less 
sensitive (9). 

Catalase. — ^A drop of H2O2 was put on the section on the slide 
and evolution of oxygen noted. 

Oxidase. — A few drops of freshly made solution of guaiaconic 
acid, on the slide. 

Peroxidase. — ^A drop of H2O2 added to a few drops of guaiaconic 
acid, put on the sections on the slide. 
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The value of neutral red as an 
indicator has been questioned by 
many. If the change in color of a 
dye is due to H ion content, it can 
safely be used as an indicator. 
Frjedenthal (13) gives a very valu- 
able series of indicators with the H 
or OH ion concentration which will 
produce a change in color. In the 
presence of substances which form 
combinations with the dye, the 
change in color would be no indi- 
cation of H or OH ions. In all my 
work, however, the acidity or alka- 
linity as shown by neutral red was 
confirmed by titrations with NaOH 
orHCl. 

Microchemical tests should be fol- 
lowed always by quantitative de- 
terminations at the critical points. 
When so used the method is reliable 
and is a great saving of time and 
material. 

RESULT OF MICHROCHEMICAL TESTS 

The condition of the embryo at 
the beginning and end of the after- 
ripening period, and at germination 
just after the hypocotyl has pushed 
out through the testa, is shown in the 
accompanying table (I). In all the 
tables, X indicates presence in quan- 
tity, and o indicates absence. 

There is a very gradual, though 
constant, increase in the acidity and 
in the enzymes during the whole 
period. After 80-90 days at 5° C, 
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when the acidity has almost reached its maximum, the fats begin 
to break up and sugar appears. Oxidase first appears at this time. 
Hydrocyanic acid appears after 75 days, increases up to germina- 
tion, then decreases (19, 49). 

WATER-HOLDING POWER 

Since the hypocoty^s of the air-dry seeds are basic, while the 
cotyledons are acid, it was thought that they might have less ability 
to take up water than the cotyledons. To test this, seeds were 
taken at different stages of after-ripening, the coats removed, and 
the naked embryos soaked in water for 5 hours. These were 
then dried carefully with filter paper and, after the hypocotyls 
were separated from the cotyledons, were put in separate 
weighing bottles. These were weighed, then heated in an oven 10 
minutes at 100° C, removed from the oven, and dried at 50° C. 
Many determinations were made. The accompanying table (II) 
gives a typical series. 

TABUE II 
Water-holding power of embryo of Crataegus gloriosa 



• 


Hypocotyls 


C0TYT.EDONS 




Wet 
weight 
grams 


weight 
grams 


Percentage 
water 


Wet 
weight 
grams 


Dry 
weight 
grams 


Percentage 
water 


Coats removed and soaked 
c hrs 


O.OIS7 
0.0189 
0.0289 


O.OI2I 
O.OII6 

O.OIIS 


23 

38 
60 


0.2690 
0.2700 
0.2094 


0.1542 
0.1744 
0.1260 


42 
35 
39 


***•-'• * •••• 

00 days at s C 


Germinated (hyp. 3 mm.) . . 



ACIDITY 

Determinations of acidity were made at the same periods of 
after'-ripening as the water determinations (table III). The 
embryos were washed in distilled water which had been boiled 
to expel CO2. 

It will be seen that the metabolism of the fats does not begin 
until the acidity has reached a certain amount, the water content 
has increased greatly, and the enzymes are set free. The hypocotyl 
does not elongate imtil that time. It has long been known that 
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considerable free fatty acid is formed during the germination of oily 
seeds (Green 17, Schmidt 50). Miller (39) finds, in the germi- 
nation of Helianihus annuus, that the quantity of free acid in the 
hypocotyl increases rapidly at the beginning of germination. 

IvANOW (24, 25, 26) studied the metabolism of fats in ripening 
and in germinating seeds. He finds that the rapidity of oil trans- 
formation in germinating seeds depends on the fatty acid com- 
ponents of that particular oil. The oil of flax and of hemp contains 

TABLE III 

AcmiTY OF EMBRYO OF CRATAEGUS GLORIOSA 



Air-dry, 



30 days 

60 days 

90 days at 5** C. (hyp. 
2 mm.) 

Germinated (hyp. 
2 . 5 cm.) 

Germinated (hyp. 
3. 5-5 cm.) 



Germinated (hyp. 
3-5 cm.) 



Hypocotyis 



Grams 



0.0267 



0.0444 

0.360 

0.5967 



0.3810 



N/20KOH 
cc. 



SUghtly 
basic 



0.04 

0.4s 
0.65 



0.60 



N/20KOH 

cc. per 
gram 



Cotyledons 



0.00 

o.io 
0.30 

6.90 



1.24 



1.09 



1-57 



Grams 



Air-dry 
30 days 



Cots, 
white 

Cots, 
yellow 

Cots. 

green 
(in light 
I week) 



0.5374 



0.8162 
0.1914 
0.3907 



0.7099 



N/20KOH 
cc. 



N/20KOH 

cc. per 
gram 



0.20 



O'ZS 



0.60 



1.20 



1.90 



0.37 
0.40 

• • ■ • 

0.42 

313 
307 



2.67 



the less saturated acids — ^linolenic and linoleic — and is trans- 
formed much more quickly than that of rape, which contains oleic 
acid. The less saturated acids disappear rapidly (forming carbo- 
hydrates) from the seedlings and cause the very low acid number 
of flax and hemp. Unsaturated acids of the oleic acid type are 
more stable and inactive; therefore rape shows a higher acid num- 
ber than flax or hemp. The acids in the seeds of Crataegus were 
not identified; this will be done later. 

Deleano (7) studied the chemical changes during the germina- 
tion of Ricinus communis. He finds that the acidity and the 
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catalase increase up to a maximum, which is reached on the eighth 
day of germination (the hypocotyl is then 2.5 cm. long). Then 
the fats begin to break up and within two or three days disappear. 
The fats are transformed into a soluble substance of the character 
of a plant mucilage. This is later transformed into sugar, cellulose, 
and other substances. Deleano says that the acids activating 
hydrolysis are formed during germmation; he detected acetic and 
lactic acids. He thinks that catalase is directly concerned with 
hydrolysis of the fats. This is doubtful, however, since catalase 
is so universally present. Peroxidase reached a maximum about 
the fourteenth day of germination (the hypocotyls were 8.5 cm.). 

The chemical changes during the 90 days of after-ripening 
of Crataegus are the same as those of the first 8 days of germination 
of Ricinus. It is as though the chemical processes, telescoped 
in Ricinus, are drawn out in Crataegus, 

Seeds of the crab apple {Pyrus baccata) after-ripen in 30 days 
at 5° C. At the beginning of their after-ripening period, hypocotyls 
of these embryos have an acidity and a water-holding power slightly 
greater than those of Crataegus after 60 days at 5° C. (hypo- 
cotyl 1 .45 cc, N/20 KOH, moisture 48 per cent; cotyledons 0.368 
cc, moisture 39 per cent). Peroxidase increases gradually from a 
very little in the air-dry seeds to a considerable amount at germina- 
tion. As in Crataegus, oxidase does not appear in hypocotyls of 
Pyrus baccata until immediately before germination. 

EFFECT OF ACIDS 

Fischer (ii) finds that when seeds of. water plants (Alisma, 
Sagittaria, and Sparganium) are treated with dilute solutions of 
acids, or the strong alkalies KOH and NaOH, the percentage of 
germination is increased. He conceives the H ions of the acids, 
and the OH ions of the alkalies as destroying the equilibrium of the 
cell and starting up the chemical processes." Seeds treated with 
solutions of the fatty acids (formic, acetic, propionic, and butyric) 
did not germinate. He therefore considers these acids toxic; 
but he used too concentrated solutions. In dilute solutions the 

' Crocker has found that these seeds germinate readily if the coats are broken 
or removed. The protoplasm is not dormant. 
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fatty acids shorten the after-ripening period of both hawthorn and 
apple. 

Mile. Proms Y also used acetic acid with good results on seedlings 
of tomato and com. She studied (47i 48) the effect of acids on 
the respiration of germinating seeds of tomato, com, barley, Dios- 
corea, and Elaeis guineensis. She finds that organic acids (citric, 
malic, oxalic, tartaric, and acetic) increase the respiratory quotient 
and at the same time the intensity of respiration, measured by 
evolution of CO2. Inorganic acids, on the other hand, do not 
modify the quotient, except in the single case of the fatty seeds of 
Elaeis. Seeds were soaked in a solution of the acid for 24-48 hours, 
then put in germinative conditions m sand, and the sand watered 
with the solution. SeedUngs submitted to the action of organic 
acids grew more rapidly than the control, increased more in wet 
weight, and increased more in dry weight, if determined at the end 
of the germination period when the plants were green. Seeds 
treated with inorganic acids, HCl and H2SO4, germinate more 
quickly than the control. The wet weight of seedlings is increased, 
dry weight is the same as the control. 

Martin Fischer (12) foimd that acids greatly increase the 
absorption of water by colloids, while salts decrease the absorption. 
He studied the absorption of water by gelatin, fibrin, and frog 
muscle. 

A certain degree of acidity seems to be necessary before germi- 
nation of Crataegus seeds. The acidity of the hypocotyl develops 
very slowly and little water is absorbed in the early stages of after- 
ripening. It was thought that absence of free acids might be the 
limiting factor to growth. An attempt was made to supply this 
by soaking the seeds in acid before putting them in after-ripening 
conditions. 

METHOD OF TREATMENT WITH ACIDS 

Seeds of Crataegus, with carpels removed but testas intact, 
were soaked in the acid solution over night at 5° C, washed, and 
put on moist cotton in Petri dishes. At the end of 14 days they 
were washed carefully, the coats removed, and the embryos washed 
in distilled water. They were then tested for presence of free 
enzymes. In the accompanying table (IV) the results are given 
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in Older of the depth of color of the reaction for peroxidase and 
oxidase. 

TABLE IX 

EXZTMES IK HTPOCOmS OP CftATAEGUS DrXOBKIVEKSIS 



I 



Oridue 



Air-dry at 5** C. 14 days Very Kttlc 

Contn^ little 

N/iooo HQ X 

N/ioo acetic x 

N/50 butyric X 

N/70 butyric X 

N/34DO HCl X 

N/ 1000 acetic x 

I 

After-ripened 90 days at 5® C . . ! x 

Greiminated 1 x 



Vef>-palc 
Light blue 
Light blue 
Sightly darker 
Slight^ darker 
Darker 
Darker 
Like after- 
ripened 
Dark blue 
Deep blue 



o 
o 
o 
o 
? 

Trace 

Trace 

Dark blue 

Dark blue 
Dari^er 



In 14 days embryos treated with N/iooo acetic acid attain an 
enzyme reaction equal to that of the mitreated embryo after 90 
days' after-ripening. Both N/3400 HCl and N/70 butyric show 
a great increase in enzymes over the control. 

The acidity was determined in several cases. The testas and 
embryos were always carefully washed in boiled distilled water to 
prevent any trace of external acid vitiating the results. The accom- 
panying table (V) gives the results of one series. 

TABLE V 
Acidity in embryos of Crataegus durobrivensis 





Hypocotyls 


COTYUDOm 


1 


In Acm OVER night 


Grams 


N/20KOH 
cc. 


N/20KOH 

cc. per 

gram 


Grams 


N/20KOH 
cc. 


N/aoKOH 

cc. per 

gram 


Control 




Slightly 

basic 

Neutral 

0.01 

0.02 


• • ■ « 

0.00 
I. II 
1.68 


■ t ■ «> • • 

0.3S44 
0.3138 
0.2420 


• ■ t ■ 

0.16 
0.6s 
0.40 


0.37 

0.4s 
9 ofi 


N/70 butyric 16 hours. . . . 

N/70 butyric 14 days at 

K°C 


0.0184 

0.009 

0.0119 


«j ^^ 

N/ioo acetic 14 days at 

S^'C 


i.6s 


J ■»^. ••».•••.«••• 



After seeds have been in N/70 butyric acid 16 hours, the outer 
cells of the cortex of the hypocotyl give an acid reaction with Dahlia 
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violet. The inner cells are still basic. This shows that the acid 
had penetrated a little way. The inner cells develop acidity much 
more rapidly than in the control. 

Of seeds treated as above with N/70 butyric acid, and after- 
ripened at 5*^ C. with testas on, 52 per cent germinated in 53 days; 
the others decayed. The testas were removed from a lot of seeds 
after soaking in N/70 butyric acid, and the naked embryos kept on 
moist cotton at s°C.; these germinated in 16 days. As shown 
by the large number of seeds which were killed, N/70 butyric is too 
strong. More dilute solutions are being used now. 

N/800 butyric has about the conductivity of N/iooo acetic 

and N/3400 HCl, which were found to be effective; therefore 

that is being tested as well as still more dilute solutions. The more 

dilute solutions are not toxic, instead they greatly increase the rate 

of the process of after-ripening; therefore, germination is hastened. 

The after-ripening period of seeds with testas intact was shortened 

from 80-90 days to 45-53 days; with testas removed, from 30 

days to 16-18 days. 

Summary 

Condition of the embryo in dry storage, — Food is stored in the 
embryo in the form of fatty oil; there is also considerable lecithin; 
neither starch nor sugar is present. The reaction of the cotyledons 
is acid, but the hypocotyl is slightly basic. The water-absorbing 
power of the hypocotyl is less than 25 per cent of the wet weight. 

There is a series of metabolic changes in the embryo during the 
period of after-ripening. The initial change seems to be an in- 
creased acidity. Correlated with this is an increased water-holding 
power, and an increase in the activity of catalase and peroxidase. 

Near the end of the period of after-ripening there is a sudden 
increase in the acidity, and in the water content; here oxidase 
first appears. All of these increase until the hypocotyl is 3-5 cm. 
long. At this time the fats decrease and sugar appears. Hydro- 
cyanic acid is present in the cotyledons. 

The after-ripening period can be greatly shortened by treating 
the embryos with dilute acids, HCl, butyric, and acetic. The water- 
holding power, the acidity, and the amount of peroxidase increase 
much more rapidly, and oxidase appears much earlier, than in 
untreated embryos. 
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It is evident that there is a correlation between acidity of the 
hypocotyl of Crataegus, its water-absorbing power, production of 
enzymes, and germinating power. Whether the acidity is causal or 
merely correlative is not known. There is some evidence, how- 
ever, that it is causal. Green (17, 18) has shown that it leads to 
the liberation of enzymes; and Martin Fischer (12) that it 
increases the water-absorbing power of colloids. Other dormant 
iseeds of the Rosaceae are now being studied with the hope of 
gaining further knowledge on this point. 

Acknowledgments are due Dr. William Crocker, under whose 
direction the work was done. 

University of Chicago 
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